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Clinical PerspectiveWhat Is New?Medin is one of the most common aging‐related amyloid proteins whose function is largely unknown; the study shows increased cerebral artery medin and astrocyte activation in elderly brain donors with vascular dementia compared with those who are cognitively normal.In vitro experiments show medin inducing immune activation in endothelial cells that modulate astrocyte activation and that these effects are reversed by monosialoganglioside‐containing nanoliposomes through nuclear factor erythroid 2‐related factor 2--dependent antioxidant pathway.What Are the Clinical Implications?The findings point to the potential role of medin in cerebrovascular inflammation, leading to neuroinflammation that could be a novel biologic mechanism and treatment target for vascular dementia and vascular aging.The study also points to nanoliposomes as potential novel therapeutic approach for medin‐induced vasculopathy.

Introduction {#jah34741-sec-0008}
============

Age is the most important risk factor for cerebrovascular disease (CVD) and cognitive dysfunction disorders, including vascular dementia (VaD).[1](#jah34741-bib-0001){ref-type="ref"} Even in the absence of traditional cardiovascular risk factors, aging results in well‐defined vascular phenotypic changes, including endothelial dysfunction[2](#jah34741-bib-0002){ref-type="ref"} and chronic indolent low‐grade inflammation, leading to atherosclerosis and CVD.[3](#jah34741-bib-0003){ref-type="ref"} Although the molecular, functional, and structural changes of aging‐related CVD have been documented,[3](#jah34741-bib-0003){ref-type="ref"} the specific intrinsic biologic determinants of these changes remain largely unknown. Medin, a 50--amino acid peptide, forms one of the most common types of human amyloid[4](#jah34741-bib-0004){ref-type="ref"}, [5](#jah34741-bib-0005){ref-type="ref"} and accumulates in the vasculature with aging,[6](#jah34741-bib-0006){ref-type="ref"}, [7](#jah34741-bib-0007){ref-type="ref"}, [8](#jah34741-bib-0008){ref-type="ref"}, [9](#jah34741-bib-0009){ref-type="ref"} yet its biologic effects are still largely unknown. It is a cleavage product from parent protein milk fat globule--EGF factor 8 protein.[4](#jah34741-bib-0004){ref-type="ref"} It is widely known to be present in aging aorta,[4](#jah34741-bib-0004){ref-type="ref"} with little to no aortic medin in patients aged \<55 years and increased aortic medin in those aged ≥55 years,[6](#jah34741-bib-0006){ref-type="ref"} but the extent or degree of accumulation in cerebral vessels has not been reported. We previously reported that treatment with physiologic doses of medin induced endothelial dysfunction in human peripheral and cerebral arterioles, mediated by oxidative and nitrative stress.[6](#jah34741-bib-0006){ref-type="ref"}, [10](#jah34741-bib-0010){ref-type="ref"} We also showed initial observations that medin increased proinflammatory cytokine production by endothelial cells (ECs). These findings support the potential role of medin as a novel agent in vascular aging pathological characteristics, leading to CVD. Furthermore, medin\'s effect on the vasculature could potentially influence the perivascular milieu. In VaD, neuroinflammation occurs proximate to cerebral arterioles. Activated astrocytes and microglia, cellular markers of neuroinflammation, are commonly found in regions of white matter changes[11](#jah34741-bib-0011){ref-type="ref"} concentrating around blood vessels.[12](#jah34741-bib-0012){ref-type="ref"} This suggests tight vasculoneural inflammatory coupling. Cerebral white matter lesions (CWMLs) in aging and neurodegenerative diseases, such as VaD, represent microvascular ischemic changes associated with both endothelial and glial activation[13](#jah34741-bib-0013){ref-type="ref"} that are highly associated with dementia and stroke.[14](#jah34741-bib-0014){ref-type="ref"} Neuroinflammation by itself can contribute to neurodegeneration and cognitive dysfunction in VaD and Alzheimer disease.[12](#jah34741-bib-0012){ref-type="ref"}, [15](#jah34741-bib-0015){ref-type="ref"} Therefore, the initiation or aggravation of neuroinflammation by vascular inflammation could be one of the critical mechanisms explaining the tight link among aging, CVD, and dementia disorders. We aimed to probe medin\'s role in CVD by comparing cerebral arteriole medin content between cognitively normal (CN) and VaD patients and studying its effects on EC immune activation and modulation of neuroinflammation. Herein, we define EC immune activation as induction of EC production of proinflammatory cytokines or chemokines after exposure to an agent, similar to previous studies.[16](#jah34741-bib-0016){ref-type="ref"}, [17](#jah34741-bib-0017){ref-type="ref"}, [18](#jah34741-bib-0018){ref-type="ref"}

We likewise previously showed that nanoliposomes (artificial phospholipid vesicles \<100 nm in diameter) that contain monosialogangliosides (NLGM1) or phosphatidic acid prevented endothelial dysfunction induced by other amyloid proteins, specifically AL amyloid light chain proteins[19](#jah34741-bib-0019){ref-type="ref"} or β‐amyloid,[20](#jah34741-bib-0020){ref-type="ref"} respectively. We also tested whether NLGM1 could reverse medin\'s adverse effects while identifying potential mechanisms for the protection.

Methods {#jah34741-sec-0009}
=======

The data that support the findings of this study are available from the corresponding author on reasonable request.

Medin and NLGM1 {#jah34741-sec-0010}
---------------

Recombinant medin was used for treatment conditions in the study. Medin was expressed in Lemo 21 (DE3) cells using pOPINS‐medin, and details of its preparation and purification can be found in prior work.[6](#jah34741-bib-0006){ref-type="ref"}, [16](#jah34741-bib-0016){ref-type="ref"} Medin was confirmed to have \>95% purity by SDS‐PAGE and characterized by matrix‐assisted laser desorption as well as ionization mass spectrometry. Endotoxin levels were confirmed to be \<0.5 ng/mL using *Limulus* Amebocyte Lysate assay (Pierce, Dallas, TX).

NLGM1 was prepared from phosphatidylcholine, cholesterol, and monosialoganglioside (molar ratios, 70:25:5) using lipid film hydration method, details of which have been published.[14](#jah34741-bib-0014){ref-type="ref"} Lipid components were dissolved in chloroform, and the solvent was removed by drying in a rotary vacuum evaporator until a thin lipid film was formed. This lipid film was hydrated with HEPES solution (pH 7.4) to obtain a final lipid concentration of 10 mg/mL. This liposomal suspension was sonicated for 45 minutes (Sonic Dismembrator Model 100; Fisher Scientific) in an ice bath until an opaque solution was formed, which indicates the formation of small unilamellar vesicles (nanoliposomes). To precipitate and remove titanium particles sloughed off from the probe during sonication, NLGM1 was centrifuged at 101*g* for 15 minutes at 4°C.

Brain Tissue Sources, Western Blot, and Histopathology {#jah34741-sec-0011}
------------------------------------------------------

Donors gave informed consent for postmortem brain donation under the Brain and Body Donation Program.[21](#jah34741-bib-0021){ref-type="ref"} The program\'s operations have been approved by the Banner Sun Health Research Institute Institutional Review Board. In a first group of donors, cerebral collateral arteries (diameter range ≈100--2200 μm) from CN and VaD participants were isolated from leptomeninges after rapid autopsy (postmortem interval, 3.4±0.2 hours). VaD diagnosis was adjudicated by an expert neuropathologist (T.G.B.) using National Institute of Neurological Disorders and Stroke and Association Internationale pour la Recherché et l\'Enseignement en Neurosciences (NIND‐AIRENS) criteria.[22](#jah34741-bib-0022){ref-type="ref"} CN was the diagnosis if there was no cognitive dysfunction and if there was only age‐consistent neuropathology.[21](#jah34741-bib-0021){ref-type="ref"} Tissue handling details were reported previously.[6](#jah34741-bib-0006){ref-type="ref"} In brief, tissues were immediately placed in sterile HEPES buffer (4°C; pH 7.4). Arteries were isolated and homogenized in tissue lysis buffer (radioimmunoprecipitation assay or tris‐buffered saline--Triton X‐100 1%). Tissue samples (60 μg of protein, determined by Bradford assay) and recombinant medin (0.01, 0.1, or 0.5 μg) were loaded for electrophoresis, and Western blot was performed as previously detailed.[23](#jah34741-bib-0023){ref-type="ref"} Primary antibody against medin (18G1; 1:500; generously provided by Prothena Biosciences Limited, Dublin, Ireland) and 800CW (800 nm) infrared fluorescent conjugated goat secondary antibody (Li‐COR Biosciences, Lincoln, NE) were used. Bands were detected using Li‐COR Odyssey CLx system (Image Studio 4.0) and normalized to β‐actin loading control. A standard curve was plotted using the medin samples and used to calculate tissue medin content.

CWMLs are known to be caused by cerebral small‐vessel disease and are important in the pathophysiological characteristics of VaD and other dementia disorders.[24](#jah34741-bib-0024){ref-type="ref"} The brain sources of cerebral collateral arteries were scored (G.S. and T.G.B.) for CWML using 4% formaldehyde‐treated tissue slices, as detailed in previously published work.[25](#jah34741-bib-0025){ref-type="ref"} In brief, a score of 1 denotes CWMLs restricted to the immediate periventricular area, occupying less than a third of the centrum semiovale; 2, involvement of one third to two thirds of the centrum semiovale; and 3, involvement of more than two thirds of the centrum semiovale. The scores in the frontal, temporal, parietal, and occipital regions were added to obtain the CWML total score and compared between CN and VaD donors. Arteriole medin content was also compared between donors with high (median value or greater) versus low (less than median value) CWML scores.

In a separate second group of donors with banked brain tissue but without available leptomeningeal tissue, paraformaldehyde‐treated, paraffin‐embedded middle frontal gyrus tissues from CN and VaD donors (5 μm sections) were analyzed. Astrocyte activation was assessed by immunohistochemistry using anti‐GFAP (glial fibrillary acidic protein) primary antibody (1:150; Cell Signaling Technology), horseradish peroxidase--conjugated secondary antibody, and 3,3‐diaminobenzidine staining and costained with hematoxylin‐eosin. Imaging was performed on a Biotek Cytation 5 (Winooski, VT), and 3,3‐diaminobenzidine--positive cells were manually counted from 5 areas uniformly spaced around a central beacon set by operator. In randomly selected CN and VaD donors (N=3 each), GFAP‐expressing astrocytes were counted ≤100 and \>100 μm from cerebral arterioles. In next adjacent 5‐μm tissue sections, parenchymal cerebral arteriole medin was assessed by immunohistochemistry using anti‐medin antibody (1:1000) and 3,3‐diaminobenzidine staining was assessed with 3,3‐diaminobenzidine--positive wall area (expressed as percentage of arteriole wall area), quantified using Gen5 Image Plus Version 3.03.14 software (Biotek). For figure illustration purposes, costaining with anti‐GFAP using fluorescent secondary antibody (IRDye 680RD; LiCOR Inc, Lincoln, NE) and Hoechst 33258 (Sigma‐Aldrich, St Louis, MO) nuclear staining were performed.

EC Immune Activation {#jah34741-sec-0012}
--------------------

Primary culture human umbilical vein ECs (passages 4--8; Lonza, Walkersville, MD) were seeded into 6‐well plates and grown to full confluence. Human umbilical vein ECs have been extensively used to study vascular cell behavior in neurodegenerative disease studies, such as Alzheimer disease and VaD, as they show similarity in properties as brain ECs, including Aβ metabolism,[26](#jah34741-bib-0026){ref-type="ref"}, [27](#jah34741-bib-0027){ref-type="ref"} expression of tight junction proteins,[28](#jah34741-bib-0028){ref-type="ref"} and metabolic interactions with neural cells.[29](#jah34741-bib-0029){ref-type="ref"} ECs were exposed to 20 hours of vehicle or medin (5 μmol/L; dose chosen as this was the mean medin concentration found in human vascular tissue[6](#jah34741-bib-0006){ref-type="ref"}) without or with NLGM1 (300 μg/mL). Additional replicates were also treated with NLGM1 (300 μg/mL) plus transcription factor nuclear factor erythroid 2‐related factor 2 (Nrf2) inhibitor brusatol (1 μmol/L). EC immune activation was assessed using gene and protein expressions of inflammation‐related cytokines/chemokines interleukin‐8, interleukin‐6, intercellular adhesion molecule (ICAM)‐1, and plasminogen activator inhibitor (PAI)‐1 (all primers from IDT DNA Technologies, Coralville, IL); method details were reported.[6](#jah34741-bib-0006){ref-type="ref"}, [19](#jah34741-bib-0019){ref-type="ref"} After lysis, RNA was extracted and converted to cDNA using Aurum Total RNA Mini Kit and iScript cDNA synthesis kit (Bio‐Rad Laboratories, Coralville, IA) with β‐actin as reference normalization gene. We previously showed that medin‐induced increases in EC interleukin‐8 and interleukin‐6 were nuclear factor‐κB (NFκB) mediated[6](#jah34741-bib-0006){ref-type="ref"}, and to confirm whether effects on ICAM‐1 and PAI‐1 were also NFκB mediated, we also cotreated medin with a specific small‐molecule inhibitor of NFκB,[30](#jah34741-bib-0030){ref-type="ref"} RO106‐9920 (100 μmol/L; Tocris Biosciences, Bristol, UK), in additional replicates.

The conditioned cell media from treated ECs were analyzed for interleukin‐8 and interleukin‐6 protein by ELISA using DuoSet kit (R&D Systems, Minneapolis, MN). ICAM‐1 protein was measured from whole cell lysate using ICAM‐1 ELISA kit (R&D Systems). PAI‐1 and phosphorylated NFκB (Ser536; 93H1) proteins were measured using Western blot (1:500; Cell Signaling Technology, Danvers, MA).

To assess effects of medin on immune activation of human brain microvascular ECs, human brain microvascular ECs (passages 3--5; Lonza) were exposed for 20 hours to vehicle or medin (5 μmol/L), and gene expression levels of interleukin‐8, interleukin‐6, and ICAM‐1 were compared.

EC Viability and Oxidative Stress {#jah34741-sec-0013}
---------------------------------

Treated ECs were incubated (15 minutes) with dihydroethidium (5 μmol/L; Molecular Probes) to assess superoxide,[31](#jah34741-bib-0031){ref-type="ref"} calcein‐acetoxymethyl (10 nmol/L; Life Technologies),[32](#jah34741-bib-0032){ref-type="ref"} annexin V--fluorescein isothiocyanate (0.5 μg/mL; eBiosciences, San Diego, CA), or propidium iodide (0.15 μmol/L; Sigma‐Aldrich)[33](#jah34741-bib-0033){ref-type="ref"} to assess cell viability using flow cytometer (FC500; Beckman Coulter, Indianapolis, IN) at the following excitation/emission settings: 490/626 nm (dihydroethidium), 494/517 nm (calcein‐acetoxymethyl), 488/525 nm (annexin V), and 488/620 nm (propidium iodide). Compensation adjustment was made to aid the classification of cellular populations and minimize cross‐channel contamination, and the compensation setting was applied uniformly to all the assays.

Activated Nrf‐2 protein was measured by separating the nuclear from cytosolic components using NE‐PER Nuclear and Cytoplasmic Extraction kit (Thermo Scientific, Rockford, IL) and using anti‐Nrf2 primary antibody (1:500; Cell Signaling) on nuclear proteins using Western blot with tubulin as loading control. Heme oxygenase (HO)‐1 and NAD(P)H quinone dehydrogenase 1 (NQO1) proteins were measured from whole cell lysates using anti--HO‐1 (1:1000; Cell Signaling Technology) and anti‐NQO1 (1:1000; Cell Signaling) primary antibodies. Gene expression levels of HO‐1, NQO1, and superoxide dismutase‐1 (SOD1) were measured using primers from IDT DNA Technologies, similar to methods described above.

Astrocyte Monoculture {#jah34741-sec-0014}
---------------------

Human primary astrocytes (passage 3; Gibco, Madison, WI) were seeded in gelatin matrix (4×10^4^ cells/cm^2^) coated plates, grown in astrocyte culture media, and allowed to attach overnight. The media were then changed with 1 of 4 different conditions: (1) 100% astrocyte media (vehicle), (2) 100% astrocyte media with 5 μmol/L medin, (3) 90% astrocyte media and 10% conditioned media from ECs grown in EC media, or (4) 90% astrocyte media and 10% conditioned media from ECs treated for 20 hours with 5 μmol/L medin (schema summarized in Figure [S1](#jah34741-sup-0001){ref-type="supplementary-material"}). After 20 hours, astrocyte‐conditioned media were collected and interleukin‐8 was measured by ELISA; values reported represent interleukin‐8 produced solely by astrocytes (measured interleukin‐8 minus interleukin‐8 content from EC culture media treatment). To assess whether EC media affect astrocyte interleukin‐8 production, we separately measured interleukin‐8 in conditioned media of astrocytes grown in astrocyte media and astrocytes exposed to 90%/10% astrocyte/EC media for 20 hours and found no significant difference in interleukin‐8 production (42.1±23.6 versus 38.0±18.7 pg/mL, respectively; N=3; *P*=0.6).

Microfluidic Chip Fabrication and 3‐Dimensional Chip Astrocyte and EC Coculture {#jah34741-sec-0015}
-------------------------------------------------------------------------------

The microfluidic platform was fabricated in polydimethylsiloxane using standard SU‐8 photolithography and replica molding technique, consistent with our earlier work.[34](#jah34741-bib-0034){ref-type="ref"}, [35](#jah34741-bib-0035){ref-type="ref"}, [36](#jah34741-bib-0036){ref-type="ref"} The platform consisted of 2 side channels for seeding of ECs and a central region for astrocyte culture. The dimensions of the side channels' length, width, and height are 4 mm, 250 μm, and 200 μm, respectively. The width of the 3‐dimensional central region is 2 mm. Elliptical microposts were localized within the central tissue region (500‐μm width, 100‐μm height) with specific micropost spacing to optimize alignment of the astrocytes, while maintaining cellular connectivity and paracrine signaling. Creation of the master silicon wafer through photolithography was executed through spin coating of SU‐8 on a wafer to a height of 200 μm. The wafer was soft baked, then exposed to UV through a transparent photomask with the chip design. After postbaking, the developed wafer was used as the substrate for soft lithography with polydimethylsiloxane replica molding. A polydimethylsiloxane base:curing agent ratio of 10:1 was used. Then, the polydimethylsiloxane channels were bonded to glass slides through oxygen plasma. The polydimethylsiloxane‐glass bonded device was sterilized through autoclave, and subsequently the main tissue channel was surface treated to create an adhesive layer for attachment of extracellular matrix (collagen) hydrogel. First, poly D‐lysine (1 mg/mL) was inserted into the main channel, and incubated at 37°C, 5% CO~2~ for 45 minutes. The main channel was washed with deionized water, then 1% glutaraldehyde was inserted, and the device was incubated at room temperature for 1 hour 45 minutes. The devices were then thoroughly washed with deionized water and baked at 80°C overnight for dehydration.

Human umbilical vein ECs were seeded into the side channels (2×10^6^ cells/mL in EC media) overnight. Human primary astrocytes (10×10^6^ cells/mL) were embedded in collagen type I (rat tail) hydrogel (1 mg/mL) and injected into the central channel. Media were changed every 24 hours with combination of 50:50 astrocyte:EC media. Formation of EC monolayer and 3‐dimensional astrocyte tissue was confirmed after 72 hours, then vehicle or medin (5 μmol/L) was infused (20 hours) on side channels of chips containing astrocytes and ECs, and chips with astrocytes but no ECs (schema summarized in Figure [S2](#jah34741-sup-0001){ref-type="supplementary-material"}). Conditioned media interleukin‐8 was measured using ELISA.

Statistical Analyses {#jah34741-sec-0016}
--------------------

Data are expressed as mean±SEM, and significant *P* value was set at *P*\<0.05 (2 sided). Each data point represents a biologic replicate of independent experiments consistent with National Institutes of Health Rigor and Reproducibility Standards. Paired group analyses were done using paired *t* test (2 groups) or 1‐way repeated‐measures ANOVA (\>2 groups) with pairwise post hoc analysis using Holm‐Sidak. For data that do not have normal distribution or equal variance, natural log or square root transformation was performed, and analyses were done using normally distributed transformed data. If data remained nonnormally distributed, Wilcoxon signed‐rank test (2 groups) or 1‐way repeated‐measures ANOVA on ranks (\>2 groups) with Dunn\'s post hoc pairwise testing was performed. Proportions were compared using Fisher\'s exact test. Unpaired groups were compared using unpaired *t* test. Analyses were done using Sigmastat 3.5 (Systat, San Jose, CA).

Results {#jah34741-sec-0017}
=======

Human Cerebral Collateral Arterial and Parenchymal Arteriole Medin Levels Are Higher in VaD Versus CN Donors {#jah34741-sec-0018}
------------------------------------------------------------------------------------------------------------

Overall, there were 21 clinicohistopathologically confirmed CN donors and 25 VaD donors ([Table](#jah34741-tbl-0001){ref-type="table"}). VaD donors were significantly older than CN donors. There were 64% female VaD donors and 38% female CN donors (*P*=not significant). To assess relevance of medin in CVD, we collected cerebral collateral arteries from VaD (N=11) and CN (N=12) brain donors and quantified arterial medin content. Overall cerebral collateral arterial medin was 5.9±1.2 ng medin/μg arterial protein (32±10 μmol/L). Arterial medin was higher in VaD compared with CN donors (Figure [1](#jah34741-fig-0001){ref-type="fig"}A). CWML score was higher in VaD versus CN donors (Figure [1](#jah34741-fig-0001){ref-type="fig"}B). Donors with higher CWML scores (median value or greater) had increased arterial medin compared with donors with lower scores (Figure [1](#jah34741-fig-0001){ref-type="fig"}C). In a separate set of donors, parenchymal cerebral arteriole medin was noted to be also higher in VaD compared with CN donors (Figure [1](#jah34741-fig-0001){ref-type="fig"}D and [1](#jah34741-fig-0001){ref-type="fig"}E). To assess degree of neuroinflammation, GFAP‐expressing astrocytes, a marker of astrocyte activation,[37](#jah34741-bib-0037){ref-type="ref"} were measured in the middle frontal gyrus. Activated astrocytes were higher in VaD versus CN brains (Figure [1](#jah34741-fig-0001){ref-type="fig"}D and [1](#jah34741-fig-0001){ref-type="fig"}F). In addition, astrocytes aggregated around cerebral arterioles (Figure [1](#jah34741-fig-0001){ref-type="fig"}D), with 73.5±5% of astrocytes within 100 μm of a cerebral arteriole versus 26.5±5% \>100 μm (*P*=0.007).

###### 

Brain Donor Demographic Information

  Variable                          Cognitively Normal (N=21)   Vascular Dementia (N=25)   *P* Value
  --------------------------------- --------------------------- -------------------------- -----------
  Age, y                            81.4±2.4                    88.9±1.5                   0.01
  Female sex, %                     38                          64                         NS
  Postmortem interval, h            3.2±0.2                     3.1±0.1                    NS
  Mode of death, N (%)                                                                     
  End‐stage dementia                0 (0)                       8 (38)                     
  Cardiovascular                    6 (28)                      6 (24)                     
  Malignancy                        10 (48)                     2 (8)                      
  Cerebrovascular accident          1 (5)                       3 (12)                     
  Lung disease                      1 (5)                       5 (20)                     
  Renal disease                     2 (10)                      2 (8)                      
  Fracture/trauma                   1 (5)                       3 (12)                     
  Natural/not otherwise specified   0 (0)                       3 (12)                     

Data are given as mean±SEM, unless otherwise indicated.

![Cerebrovascular medin and astrocyte activation. **A**, Cerebral collateral artery medin was higher in vascular dementia (VaD) vs cognitively normal (CN). Insert shows Western blot of arterial medin (in monomer and dimer forms). **B** and **C**, Cerebral white matter lesion (CWML) scores from same donors were higher in VaD vs brain donors. Arterial medin was higher in donors with CWML scores equal to or greater than median value compared with those with lower scores. **D** through **F**, In a separate group of donors, middle frontal gyrus parenchymal cerebral arteriole medin (top figures in **D** shown in arrows) was higher in VaD vs CN (**E**). Activated astrocytes (anti‐GFAP \[glial fibrillary acidic protein\] fluorescence, bottom figures in **D**, red pseudocolor and arrowheads) were higher in VaD vs CN donors (**F**), with abundance of astrocytes in close proximity to cerebral arteriole. Blue pseudocolor fluorescence signal is nuclear staining. Unpaired *t* test was used. DAB indicates 3,3‐diaminobenzidine. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001.](JAH3-9-e014810-g001){#jah34741-fig-0001}

Medin Induces EC Immune Activation and Cytotoxicity {#jah34741-sec-0019}
---------------------------------------------------

We assessed immune activation and viability in ECs after 20‐hour medin treatment. The dose selected (5 μmol/L) is within physiologic range of concentration found in human cerebral arteries on the basis of our results (32±10 μmol/L). Exposure to medin induced increased EC gene and protein expressions of interleukin‐8, interleukin‐6, ICAM‐1, and PAI‐1 (Figure [2](#jah34741-fig-0002){ref-type="fig"}A through [2](#jah34741-fig-0002){ref-type="fig"}H), with log‐fold increases in interleukin‐8, interleukin‐6, and ICAM‐1. Medin also caused reduced EC viability on the basis of reduced calcein‐acetoxymethyl and increased annexin‐V and propidium iodide fluorescence (Figure [2](#jah34741-fig-0002){ref-type="fig"}I through [2](#jah34741-fig-0002){ref-type="fig"}L). Medin caused immune activation response in human brain microvascular ECs similar to responses seen in human umbilical vein ECs, with increased gene expression of interleukin‐8 (control versus medin‐treated, relative to control: 1±0.2 versus 5.2±1.6; *P*=0.007; N=5), interleukin‐6 (1±0.2 versus 5.8±1.7; *P*=0.005; N=5), and ICAM‐1 (1±0.5 versus 9.5±0.1; *P*\<0.001; N=3).

![Medin causes endothelial cell (EC) immune activation and reduced viability. **A** through **H**, Medin caused increased gene (**A** through **D**) and protein (**E** through **H**) expressions of interleukin (IL)‐8, IL‐6, intercellular adhesion molecule‐1 (ICAM‐1), and plasminogen activator inhibitor‐1 (PAI‐1). **I** through **L**, Medin also caused reduced EC viability with reduced calcein‐acetoxymethyl (AM) and increased annexin‐V and propidium iodide fluorescence. Paired *t* test was used. C indicates control. \*\*\**P*\<0.001.](JAH3-9-e014810-g002){#jah34741-fig-0002}

Expanding on our previous work,[6](#jah34741-bib-0006){ref-type="ref"} we now show that medin induces NFκB activation in ECs starting at 15 minutes, peaks at 1 hour, and persists for 20 hours after exposure (Figure [S3](#jah34741-sup-0001){ref-type="supplementary-material"}A). Cotreatment with RO106‐9920, a specific small‐molecule inhibitor of NFκB‐dependent cytokine expression,[30](#jah34741-bib-0030){ref-type="ref"} abolished medin‐induced increased gene expression of interleukin‐8, interleukin‐6, ICAM‐1, and PAI‐1 (Figure [S3](#jah34741-sup-0001){ref-type="supplementary-material"}B through [S3](#jah34741-sup-0001){ref-type="supplementary-material"}E), confirming that immune activation is NFκB dependent. Interestingly, cotreatment of medin with NFκB inhibitor did not improve EC viability (Figure [S3](#jah34741-sup-0001){ref-type="supplementary-material"}F through [S3](#jah34741-sup-0001){ref-type="supplementary-material"}H), suggesting that cytotoxicity is not NFκB dependent.

NLGM1 Protects Against Immune Activation and Cytotoxity of Medin {#jah34741-sec-0020}
----------------------------------------------------------------

NLGM1 cotreatment with medin resulted in abolition of medin‐induced increases in EC interleukin‐8, interleukin‐6, ICAM‐1, and PAI‐1 production (Figure [3](#jah34741-fig-0003){ref-type="fig"}A through [3](#jah34741-fig-0003){ref-type="fig"}H). It also prevented NFκB activation by medin (Figure [3](#jah34741-fig-0003){ref-type="fig"}I). Unlike the findings with cotreatment with specific NFκB inhibitor, NLGM1 cotreatment prevented medin cytotoxicity (Figure [3](#jah34741-fig-0003){ref-type="fig"}J through [3](#jah34741-fig-0003){ref-type="fig"}L).

![Monosialoganglioside‐containing nanoliposomes (NLGM1) protect against medin‐induced endothelial cell (EC) immune activation and reduced viability. Cotreatment of NLGM1 with medin reversed medin‐induced increases in gene (**A** through **D**) and protein (**E** through **H**) expressions of interleukin (IL)‐8, IL‐6, intercellular adhesion molecule‐1 (ICAM‐1), and plasminogen activator inhibitor‐1 (PAI‐1), as well as nuclear factor‐κB (NFκB) activation (**I**). Similarly, NLGM1 cotreatment restored EC viability in medin‐treated cells (**J** through **L**). One‐way repeated measures of ANOVA for all, except repeated‐measures analysis on ranks for **B**. AM indicates acetoxymethyl; phospho‐NFκB, phosphorylated NFκB; WB, Western blot. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001.](JAH3-9-e014810-g003){#jah34741-fig-0003}

To evaluate potential mechanism behind NLGM1 protection against medin, we assessed EC oxidative stress by measuring production of superoxide by flow cytometry (dihydroethidium fluorescence). Medin increased EC superoxide that was reversed by cotreatment with NLGM1 (Figure [4](#jah34741-fig-0004){ref-type="fig"}A). This protective effect was abolished when cotreated with brusatol, a specific inhibitor of Nrf2.[38](#jah34741-bib-0038){ref-type="ref"} Nrf2 controls the expression of an array of antioxidant response element‐dependent genes and regulates antioxidant defense,[39](#jah34741-bib-0039){ref-type="ref"} including expression of HO‐1, NQO1, and SOD1. ECs treated with NLGM1 showed increased gene expression of HO‐1 (control versus NLGM1, relative to control: 1±0.04 versus 301.3±83; *P*\<0.001; N=7), NQO1 (1±0.04 versus 16.3±3.7; *P*=0.02; N=7), and SOD1 (1±0.7 versus 1.9±0.3; *P*=0.01; N=8). ECs treated with NLGM1 showed increase in nuclear Nrf2, and cotreatment of medin with NLGM1 increased nuclear Nrf2, HO‐1, and NQO1 protein expression compared with medin treatment alone (Figure [4](#jah34741-fig-0004){ref-type="fig"}B through [4](#jah34741-fig-0004){ref-type="fig"}D). Addition of brusatol abolished the increase in HO‐1 and NQO1 (Figure [4](#jah34741-fig-0004){ref-type="fig"}B through [4](#jah34741-fig-0004){ref-type="fig"}D).

![Monosialoganglioside‐containing nanoliposomes (NLGM1) protection against medin cytotoxicity is nuclear factor erythroid 2‐related factor 2 (Nrf2) dependent. **A**, Medin induces oxidative stress (increased superoxide) in endothelial cells (ECs) treated for 20 hours, which is reversed by NLGM1. The protective effect of NLGM1 is abolished by cotreatment of specific Nrf2 inhibitor brusatol (Bru). **B**,ECs treated with NLGM1 show increased levels of nuclear Nrf2, whereas cotreatment with NLGM1 and medin resulted in increased nuclear Nrf2 compared with medin treatment alone. **C** and **D**,NLGM1 cotreatment with medin increased EC protein expression of heme oxygenase‐1 (HO‐1) and NAD(P)H quinone dehydrogenase‐1 (NQO1), but this effect was abolished in the presence Bru. Representative Western blot images are shown to the right of the graph. **E** through **G**,NLGM1 cotreatment restored viability in ECs treated with medin, but this protection was abolished in the presence of Bru. **H** through **K**, Unlike effects on cellular viability, Bru cotreatment did not abolish the protective effect of NLGM1 against medin‐induced EC immune activation. One‐way repeated‐measures ANOVA was used. ICAM‐1 indicates intercellular adhesion molecule‐1; IL, interleukin; PAI‐1, plasminogen activator inhibitor‐1. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001.](JAH3-9-e014810-g004){#jah34741-fig-0004}

To assess whether NLGM1 cytoprotection against medin is Nrf2 dependent, ECs were treated with medin alone and medin plus NLGM1, without or with brusatol. Results show that the protective effect of NLGM1 in terms of cell viability is reversed by brusatol (Figure [4](#jah34741-fig-0004){ref-type="fig"}E through [4](#jah34741-fig-0004){ref-type="fig"}G, Figure [S4](#jah34741-sup-0001){ref-type="supplementary-material"}). To assess whether NLGM1 attenuation of medin‐induced immune activation is Nrf‐2 dependent, same treatments were performed, and immune activation markers were measured. Unlike viability assays, cotreatment with brusatol did not reverse NLGM1 protective effect against medin‐induced increases in interleukin‐8, interleukin‐6, ICAM‐1, and PAI‐1 (Figure [4](#jah34741-fig-0004){ref-type="fig"}H through [4](#jah34741-fig-0004){ref-type="fig"}K).

ECs Modulate Astrocyte Activation After Medin Treatment {#jah34741-sec-0021}
-------------------------------------------------------

To evaluate the potential for medin‐induced immune activation of ECs to affect astrocyte inflammatory response, monocultures of human astrocytes were exposed to vehicle control, medin (5 μmol/L), conditioned media from ECs treated with vehicle, or conditioned media from ECs treated with medin (5 μmol/L) (Figure [5](#jah34741-fig-0005){ref-type="fig"}A). Results showed significant increase in astrocyte interleukin‐8 production only when astrocytes were exposed to medin‐treated EC media. After this, we developed a custom‐built 3‐dimensional cell coculture chip (Figure [5](#jah34741-fig-0005){ref-type="fig"}B), where the outer channels are infusible and seeded with ECs and the inner channel is seeded with collagen‐encapsulated astrocytes with 100‐μm gaps, allowing diffusion of agents from the outer EC layer to the inner astrocyte layer. Figure [5](#jah34741-fig-0005){ref-type="fig"}C shows the computer simulation with COMSOL Multiphysics software of 5 μmol/L medin administered through the side channels in media at 37°C and diffusing through the collagen hydrogel within the inner chamber. This demonstrates the extent of diffusion through the hydrogel at 5 minutes, and at 20 hours after administration, there is complete diffusion through the hydrogel, resulting in uniform concentration throughout, as predicted computationally. Experimentally, after seeding of the chip, astrocyte processes were seen to extend toward other astrocytes as well toward ECs (Figure [5](#jah34741-fig-0005){ref-type="fig"}D). Vehicle or medin was infused for 20 hours in outer channels in chips with or without seeded ECs. Astrocyte media interleukin‐8 was shown to be higher in medin‐treated chips with ECs when compared with medin‐treated chips without ECs, showing modulation of astrocyte response by ECs exposed to medin (Figure [5](#jah34741-fig-0005){ref-type="fig"}E).

![Medin‐induced endothelial cell (EC) immune activation modulates astrocyte response. **A**, In astrocyte monocultures, interleukin (IL)‐8 production was significantly higher when astrocytes were exposed to conditioned media of medin‐treated ECs vs conditioned media of vehicle‐treated ECs or direct exposure to medin. **B**, Three‐dimensional (3D) chip with coculture of ECs (outer red channel) and astrocytes (central green channel). **C**, Computer simulation of medin diffusion through the chip shows complete medin diffusion and expected uniform concentration after 20 hours. **D**, Astrocyte processes are seen extending toward other astrocytes (white arrows) as well as toward ECs (green and yellow arrows). **E**, Astrocyte chamber conditioned media show higher IL‐8 production in the presence of medin‐treated ECs vs vehicle‐treated ECs or in the absence of ECs with astrocytes exposed to either medin or vehicle. One‐way ANOVA was used. C indicates control. \*\*\**P*\<0.001, \*\**P*\<0.01.](JAH3-9-e014810-g005){#jah34741-fig-0005}

Discussion {#jah34741-sec-0022}
==========

The study presents the following novel findings. First, cerebral arteries from elderly human brain donors contain medin, and arterial medin is higher in VaD compared with CN participants. Cerebral arterial medin was also higher in donors with higher cerebral white matter lesion scores. Second, medin induced human EC cytotoxicity and NFκB‐mediated immune activation with increased proinflammatory and prothrombotic cytokines (interleukin‐8, interleukin‐6, ICAM‐1, and PAI‐1). Third, we show that inflammatory astrocyte response was enhanced when exposed to medin‐treated ECs or their conditioned media. Collectively, these findings suggest that medin could be a novel risk factor and treatment target for cerebrovascular inflammation that could modulate neuroinflammation. Last, we demonstrate that NLGM1, by inhibiting NFκB activation and promoting Nrf2‐dependent antioxidant responses, is a promising agent to reverse medin\'s adverse effects.

Despite being one of the most common human amyloid proteins,[4](#jah34741-bib-0004){ref-type="ref"}, [5](#jah34741-bib-0005){ref-type="ref"} little is known about the physiologic/pathologic effects of medin. On the basis of limited available data, medin has been proposed as a potential biologic agent influencing vascular aging[40](#jah34741-bib-0040){ref-type="ref"} because of its aging‐related deposition in blood vessels,[6](#jah34741-bib-0006){ref-type="ref"}, [7](#jah34741-bib-0007){ref-type="ref"} the association between medin and aortic wall degeneration,[8](#jah34741-bib-0008){ref-type="ref"} and possible link with arterial inflammation.[9](#jah34741-bib-0009){ref-type="ref"} Aortic medin deposition is well documented, but there are lack of data, until now, on the prevalence of medin accumulation in cerebral vessels and its potential pathophysiologic role in CVD. Herein, we showed that medin is commonly found in cerebral collateral artery and parenchymal arterioles of elderly individuals, with higher levels seen in VaD compared with CN donors. A potential pathologic contribution or association is supported by our observation that cerebral arterial medin is increased in donors with higher CWML scores. CWMLs are commonly seen in VaD and aging brains and are believed to be caused by ischemic microvascular injury; and their presence is associated with triple the risk of stroke and double the risk of dementia.[14](#jah34741-bib-0014){ref-type="ref"}, [24](#jah34741-bib-0024){ref-type="ref"} Leptomeningeal arteries penetrate the cortex often, without branching to supply the subcortical white matter.[41](#jah34741-bib-0041){ref-type="ref"} White matter lesions have been shown to be strongly associated with leptomeningeal and parenchymal arteriole disease, and one mechanism proposed involved obstruction of drainage, leading to dilated perivascular spaces around arteries in the white matter.[41](#jah34741-bib-0041){ref-type="ref"}, [42](#jah34741-bib-0042){ref-type="ref"} The pathologic role of medin is further supported mechanistically by our previous findings that medin causes endothelial dysfunction in human cerebral arterioles[6](#jah34741-bib-0006){ref-type="ref"} and our current findings showing a more extensive immune activation effect of medin on ECs with increased ICAM‐1, PAI‐1, interleukin‐8, and interleukin‐6. ICAM‐1 is a transmembrane protein that facilitates leukocyte adhesion and endothelial transmigration[43](#jah34741-bib-0043){ref-type="ref"}; it also has proinflammatory signal transduction effects that promote leukocyte and macrophage recruitment.[44](#jah34741-bib-0044){ref-type="ref"} ICAM‐1 is elevated in subarachnoid hemorrhage[45](#jah34741-bib-0045){ref-type="ref"} and ischemic stroke,[46](#jah34741-bib-0046){ref-type="ref"} biologic nidus for later development of VaD.[47](#jah34741-bib-0047){ref-type="ref"} PAI‐1 inhibits tissue plasminogen activator and urokinase, which are plasminogen activators; by doing so, PAI‐1 inhibits plasmin‐mediated fibrinolysis and is prothrombotic.[48](#jah34741-bib-0048){ref-type="ref"} Consistent with our results, PAI‐1 expression was shown by others to be increased by NFκB‐mediated inflammatory stimuli.[49](#jah34741-bib-0049){ref-type="ref"} Elevated PAI‐1 was reported in VaD patients, and hemostasis abnormalities were more frequent and marked in VaD compared with Alzheimer disease.[50](#jah34741-bib-0050){ref-type="ref"} Interleukin‐8 and interleukin‐6 function as leukocyte chemoattractants.[51](#jah34741-bib-0051){ref-type="ref"} Plasma interleukin‐6 was noted to be independently associated with functional impairment in older individuals with VaD but not Alzheimer disease.[52](#jah34741-bib-0052){ref-type="ref"} Levels of interleukin‐8 correlated with severity of cognitive impairment in VaD.[53](#jah34741-bib-0053){ref-type="ref"} Our finding that medin causes EC immune activation when placed in the context of our observation that cerebral arteriole medin is increased in VaD and in donors with higher CWML scores suggests a potential role for medin in VaD pathophysiological characteristics.

Established mechanisms linking small‐vessel CVD and VaD include hypoxic/ischemic injury from vessel occlusion/flow‐limiting obstruction, vascular microbleeds, and lipohyalinosis; the latter involves the interplay of vascular inflammation and reactive gliosis of astrocytes, microglia, and oligodendrocytes, leading to connective tissue hyaline deposition that disrupts blood‐brain barrier integrity.[54](#jah34741-bib-0054){ref-type="ref"} Histopathologic analysis showed that CWMLs were associated with both endothelial and glial activation.[13](#jah34741-bib-0013){ref-type="ref"} Our findings showed increased GFAP‐expressing astrocytes in VaD brains with an interesting observation that more astrocytes are closer (within 100 μm) to a cerebral arteriole than farther away. Our astrocyte monoculture and chip EC‐astrocyte coculture data show that interleukin‐8 production is enhanced when astrocytes are exposed to medin‐treated ECs. Although our in vitro models did not specifically explore which EC product induced astrocyte activation, as manifested by increased interleukin‐8 production, it is well known that astrocytes are effector targets of cytokines and chemokines having multiple receptors for inflammatory mediators that could initiate activation.[55](#jah34741-bib-0055){ref-type="ref"} These in vitro and brain histology results support a possible modulating role of medin‐induced EC immune activation in enhancing neuroinflammation. Neuroinflammatory mechanisms are suspected to play an important role in VaD.[53](#jah34741-bib-0053){ref-type="ref"}, [56](#jah34741-bib-0056){ref-type="ref"} Because inflammatory cytokine‐mediated interactions between glia cells and neurons could contribute to cognitive impairment,[12](#jah34741-bib-0012){ref-type="ref"}, [15](#jah34741-bib-0015){ref-type="ref"}, [57](#jah34741-bib-0057){ref-type="ref"} it is reasonable to speculate that medin might also modulate cognitive function through vascular inflammatory mechanisms.

Medin‐mediated EC immune activation is dependent on NFκB activation, a critical primary transcription factor regulating cellular immune response,[58](#jah34741-bib-0058){ref-type="ref"} as shown by the reversal by RO106‐9920, a selective inhibitor of IκBα degradation and NFκB activation.[30](#jah34741-bib-0030){ref-type="ref"} NLGM1 also inhibited NFκB activation, leading to reversal of medin‐induced increases in interleukin‐8, interleukin‐6, ICAM‐1, and PAI‐1. However, NFκB inhibition by RO1‐169920 did not restore EC viability after exposure to medin, suggesting distinct signaling mechanisms between immune activation and cellular viability. NLGM1, unlike RO1‐169920, fully restored EC viability. One of the potential mechanisms by which medin activates NFκB is through receptor for advanced glycation end product signaling, as we have previously shown that medin cotreated with specific receptor for advanced glycation end product inhibitor FPS‐ZM1 prevented medin‐induced NFκB activation.[6](#jah34741-bib-0006){ref-type="ref"} In addition, reactive oxygen species can activate NFκB, which is known to be a reduction‐oxidation sensitive factor.[59](#jah34741-bib-0059){ref-type="ref"} Our data showing medin causing EC oxidative stress and NLGM1 preventing medin‐induced EC immune activation through Nrf‐2--dependent mechanism support this potential additional mechanism.

We previously showed that NLGM1 induced activation of Nrf2 (manifested by nuclear translocation from cytosol), a transcription factor that regulates expression of antioxidant proteins to protect against oxidative damage,[39](#jah34741-bib-0039){ref-type="ref"} leading to protection of ECs against light chain amyloid injury.[19](#jah34741-bib-0019){ref-type="ref"} Similar to effects observed with light chain amyloid protein, medin increased EC superoxide. Despite inducing oxidative stress, no accompanying Nrf2 activation was elicited by medin, nor change in antioxidant HO‐1 and NQO1 expression. NLGM1 cotreatment led to reduced EC superoxide; it increased nuclear Nrf2 and gene expression of HO‐1, NQO1, and SOD1, 3 Nrf2‐dependent antioxidant enzymes.[60](#jah34741-bib-0060){ref-type="ref"}, [61](#jah34741-bib-0061){ref-type="ref"}, [62](#jah34741-bib-0062){ref-type="ref"} SOD1 is a cytosolic superoxide dismutase that catalyze the dismutation of superoxide anion. We previously showed that a form of superoxide dismutase, polyethylene glycol SOD, prevented medin‐induced human microvascular endothelial dysfunction and reduced EC superoxide levels.[6](#jah34741-bib-0006){ref-type="ref"} The cytoprotective effect of NLGM1 against medin is confirmed to be Nrf2 dependent because cotreatment with brusatol, a specific inhibitor of Nrf2,[38](#jah34741-bib-0038){ref-type="ref"} reversed the protective effect of NLGM1 on superoxide production and EC cell viability while preventing increases in antioxidant enzymes HO‐1 and HQO1. Interestingly, Nrf2 inhibition did not prevent NLGM1 from reversing medin‐induced EC immune activation, again suggesting distinct signaling mechanisms. Our findings that NLGM1 restored EC viability and prevented immune activation by medin point to a promising novel agent and therapeutic approach against medin‐induced vasculopathy. We previously showed that NLGM1 can also protect against amyloid light chain--induced oxidative stress by the same mechanism.[39](#jah34741-bib-0039){ref-type="ref"} Structural and pathological[63](#jah34741-bib-0063){ref-type="ref"}, [64](#jah34741-bib-0064){ref-type="ref"} similarities between amyloid proteins are well established. Accordingly, NLGM1 might also be protective in other amyloid conditions, representing an exciting new therapeutic avenue.

Limitations {#jah34741-sec-0023}
-----------

This initial investigation has important limitations that must be addressed in future studies. In vitro experiments involve short‐term experiments (20 hours), and longer‐term exposure effects, including in vivo preclinical studies, must be pursued. Future effort should also be focused on identifying the cleavage enzyme/s responsible for endogenous medin production that could be manipulated to probe effects of endogenous medin production. The study was limited to studying medin\'s effect on astrocyte activation, but future models should include other glial components (microglia and oligodendrocytes) as well as neurons to fully explore medin\'s effects on vasculoneural inflammatory coupling, while also systematically investigating full effects on astrocyte function. Although our study showed immune activation of ECs by medin, the functional significance of increased proinflammatory cytokine production needs to be empirically determined in future in vivo studies or triculture 3‐dimensional models that include ECs, glial cells, and neurons. The sample size of brain tissues analyzed should be expanded to fully establish association between cerebrovascular medin and neuropathologic outcomes (neuroinflammation, neurodegeneration, and cognitive dysfunction), with inclusion of nonelderly brain tissues wherever available.

Conclusions {#jah34741-sec-0024}
===========

The biologic effects of medin, one of the most common human amyloid proteins, are unknown. We showed, for the first time, the prevalence of medin in cerebral arteries of elderly brain donors, with higher values in VaD compared with CN patients and increased arterial medin in donors with higher CWML scores. Medin impaired EC viability and induced profound endothelial immune activation that modulated astrocyte activation. The findings point to the potential role of medin in vascular inflammation, which, in turn, could modulate neuroinflammation, making it a promising candidate target to elucidate the pathophysiological characteristics of aging‐related CVD and VaD (proposed schema in Figure [6](#jah34741-fig-0006){ref-type="fig"}). NLGM1, via effects on NFκB and Nrf2 signaling, reverses medin\'s adverse effects and represents a potential novel therapeutic approach.

![Proposed schema of medin\'s biologic effects. CN indicates cognitively normal; HO‐1, heme oxygenase‐1; ICAM‐1, intercellular adhesion molecule‐1; IL, interleukin; NFκB, nuclear factor‐κB; NLGM1, monosialoganglioside‐containing nanoliposomes; NQO1, NAD(P)H quinone dehydrogenase‐1; Nrf2, nuclear factor erythroid 2‐related factor 2; PAI‐1, plasminogen activator inhibitor‐1; SOD1, superoxide dismutase 1; VaD, vascular dementia.](JAH3-9-e014810-g006){#jah34741-fig-0006}
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